Introduction
Various nanostructures based on semiconductor metal oxides have attracted much attention due to their potential in nanoelectronics and optoelectronics. With salient electrochromic, optochromic, gaschromic, and catalytic properties, tungsten oxides (WO x ) are of great interest, being promising in applications such as flat panel displays, 'smart windows', semiconductor gas sensors, and photocatalysts. The functional properties of WO x -based devices strongly depend on the structure/architecture of the metal oxide layer. Fonzo et al. [1] , Bailini et al. [2] , and Fominski et al. [3] have shown that pulsed laser deposition (PLD) of WO x thin-film layers could cause the formation of films with different morphology and structures. In a case of the deposition at room temperature, the pressure of reactive/buffer gas atmosphere was observed to be the main factor which influences the mode of the structure growth. An increase of the temperature during PLD as well as thermal post treatment of the deposited films could significantly alter the formed structure and morphology of the WO x films. Penner et al. [4] revealed that for some regimes of thermal post treatment (e.g., annealing at a temperature lower than 500 °C), the prepared by PLD morphology could be conserved and only crystallization of the film would be realized. Complex morphology of WO x films was observed to be formed during PLD at a relatively high pressure of reactive or buffer gases. Fonzo et al. [1] and Bailini et al. [2] have shown that a compact structure with a density similar to bulk would be transformed to a film with an open, low density foam-like mesostructure and a high fraction of voids if the pressure of the gas (Ar, O 2 ) exceeds 20 -40 Pa.
In this study, we tried to identify a boundary pressure of the gas (air) above which characteristics (e.g., reactivity, composition, velocity and angular distributions) of the deposited particles could be changed significantly. The main reason of the changing was associated with the collisions between the deposited particles and molecules of the gas. The laser plume was studied by measuring the ion flux and the visible plume length. We chose two air pressures equal to 40 and 100 Pa. At these pressures, the films grew due to the deposition of scattered species flow, and the gas pressure played essential role in the film morphology. To understand the possible mechanisms of the WO x films growth, the experimental studies and the modelling of the PLD films growth have been carried out.
Experimental details
The forth harmonic with a wavelength of 266 nm from an electro-optically Q-switched yttriumaluminium-garnet laser was used for pulsed laser ablation of W target. A pulse duration was 15 ns and a repetition rate was 25 Hz. The laser energy per pulse was 40 mJ. About 18000 laser pulses were used for the film preparation. The laser energy and focusing conditions were chosen to minimize sparks formation during pulsed laser ablation of the W target.
The deposition chamber was evacuated to pressures that were varied in a range 10 -100 Pa. The laser plume was directed along the normal toward the substrate surface. Polished glassy carbon substrates were placed at 4 cm from the target. To control the transport of ionized laser plume in various conditions, time-of-flight ion signals were detected in a place of the substrate location. Plasma plume pictures were taken through a viewport (orthogonal to the plume axis) with a digital camera with exposure time of 0.5 s corresponding to an average over 10 plumes. With this choice and assuming different plumes as equivalent, the time integrated shape and dimension of the plume (i.e. its visible part) were captured. Surface morphology of the prepared films was characterized by scanning electron microscopy (SEM).
Modelling details
Film growth modelling was conducted by the kinetic Monte Carlo (KMC) method using a modified Witten-Sander algorithm [5] . The formation of the model coating using the KMC method is performed by sequential ''stacking'' of the incident particles (atoms, molecules or clusters) of the deposited flux on the substrate. To simplify the calculations, the growth of the film was considered on a cubic spatial lattice with cell size a, which is the characteristic dimension of the particle.
The particles perform off-lattice random flights and are tracked in the in the Cartesian coordinates X, Y, Z (the X and Y axes lie in the substrate plane). Both the film growth and the particle motion are considered in an L X  L Y  L Z region. In the model, periodic boundary conditions along the X and Y directions are used. Every particle having left the simulation region, e.g., through its right boundary, is again introduced into this region at the same angle of motion through the left boundary.
Two different deposition regimes were considered: ballistic aggregation (BA) and diffusion-limited aggregation (DLA). In BA regime, the direction of the particle random straight-line trajectory was determined using the standard procedure of sampling from a given angular distribution of the deposited flux. In DLA model, the particles perform off-lattice random flights with limited step length a.
In both BA and DLA regimes, the trajectories started at a launching plane Z = Z max + 20a at a point the X 0 and Y 0 coordinates of which were chosen randomly. Here, Z max is the maximum thickness of the film and the quantity 20a warranties that the particle realizes some steps before it reaches the film. If a random particle cross the upper plane Z = L Z it is discarded.
When a particle reaches a nearest neighbour site of the film, it sticks irreversibly to this site. Finally, the film structure is renewed. The cell occupied by a newly deposited particle is attributed to the set of the elementary volumes composing the film. After that, a new random particle is generated and its motion is tracked as described previously. This algorithm is cyclically repeated until a film of required thickness is grown.
Results and discussions
It is well known that plume dynamics in vacuum is characterized by a practically free and collisionless propagation regime. The spatial distribution is strongly forward directed and the observed light emission is weak. When a background gas is present in the deposition chamber the light emission increases due to particle collisions producing radiative de-excitation of the ablated species, both in the body of the plume and particularly in the expansion front; the plume edge can be better defined due to the presence of a shock wave front and the plume is slowed down and spatially confined. Bailini et al. [2] proposed that the time integrated visible plume length is related with the maximum position reached by the shock wave front (i.e. the stopping distance). For a substrate, which is located slightly far from this position, the growth mechanism could be significantly changed. Figure 1 shows time integrated picture of W plume measured during PLD of WO x films at various pressures of air. For a pressure of 10 Pa, a bright plume surrounds the substrate. The increase of the pressure up to 40 Pa resulted in a visible decrease of the plume volume but the front of shock wave could touch the substrate surface. For a pressure of 100 Pa, the stopping distance of the laser plume should be shorter than the distance from the target to the substrate. The evolution of the measured ion signal, as recorded at a distance of 4 cm for increasing air pressure is shown in Figure 2 . Splitting of the plume into a fast and a slow component was observed at a pressure of ~30 Pa. For higher pressure, only a slow component could be detected. Wood et al. [6] proposed that the plume is broken into orders corresponding to the number of collisions made with the background. The first order reaches the detector without any scattering, the second order undergoes one scattering event, and so forth.
For PLD at 40 Pa, analysis of the ion signal and the optical image of the plume allowed to propose that the shock wave front reached the surface of the growing film. The flux of deposited particles included only the scattered atoms. Comparison of the ion signals measured at 30 Pa and 40 Pa shows that a lot of atoms deposited at 40 Pa belong to the second order of scattering event, therefore these atoms could possess relatively high velocities.
For a pressure of 100 Pa, only a weak ion signal from a low-velocity shock wave was detected. This means that prior the deposition on the substrate, the W atoms undergo a lot of scattering events. The SEM studies of the WO x films show that the deposition at a pressure of 40 Pa caused the formation of typical cauliflower morphology (Figure 3a) . Cross-sectional size of an individual cauliflower was about 50 -80 nm and its growth in height could exceed 200 nm. Distances between the cauliflowers varied in a range 10 -50 nm. For films deposited at 100 Pa, the morphology would be characteristic of a web-like structure (Figure 3b ). The thickness of fibers was about 10 -20 nm and the size of pores (cells) varied in a range 10 -100 nm.
The obtained WO x films had a blue colour that indicates an effective interaction of ablated W atoms with oxygen which is contained in the air. The formation of substoichiometric film composition (x<3) could be proposed. Voevodin et al. [7] and Jones et al. [8] revealed the dissociation of O 2 in the chamber during the PLD that was accompanied by the formation of metal-oxygen molecules around the substrate. Figure 4a shows the model structure which could grow due to ballistic deposition of structural blocks. The modelling morphology of the film is greatly similar to cauliflower morphology of the WO x film which was prepared by PLD at a pressure of 40 Pa. Figure 4b presents the model structure grown due to diffusion motion and deposition of structural blocks. A web-like image of this model structure correlated well with that of the experimental film prepared by PLD at 100 Pa.
A more rigorous analysis of the shape and size of some characteristic fragments for model and experimental structures shows that good similarity could be achieved in a case of block size of about 1 nm. The value of 1 nm correlates with the characteristic distance between the atoms in the clusters formed by chemically bonded W and O atoms. Clusters of W-O could be formed in a gas phase due to reactive collisions of W plasma with oxygen. Kinetic energy and trajectories of these clusters depend on the gas pressure. The studies of plume dynamics allow to propose that W-O clusters could retain relatively high energy of directed/straight transport at a pressure of 40 Pa because the energy of the main shock wave dissipate only in front of the substrate surface. For pressure of 100 Pa, clusters more effectively lose their energy in collisions and move to the substrate due to diffusion in a gas phase. 
Conclusions
Pulsed laser deposition of WO x films in a reactive gas atmosphere allows to vary the morphology of the films by regulating the gas pressure if all other parameters of deposition procedure are fixed. The reactive gas changes a transport mechanism of the ablated species and probably to some extent the composition of the deposited flux of species. For the deposition from wave shocks formed at a relatively high gas pressure, there is possibility to grow cauliflower morphology if the mechanism of ballistic deposition dominates. The web-like structure would be grown if the transport mechanism is transformed to diffusion-like under the pressure increase. 
